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Abstract
The precipitating carbonate process utilizes the carbonate to bicarbonate reaction for the absorption of CO2 followed
by precipitation and concentration of part of the bicarbonate before entering the regenerator. This process can be an 
attractive alternative for existing carbon-capture post-combustion technologies because of its energy efficiency 
potential. Screening pilot plant experiments of the precipitating carbonate process have shown sufficiently high cyclic 
loadings and confirmed the operation at the predicted low stripping steam rates. The CO2 vapour pressure of lean 
solvent entering the absorber was low enough to supply sufficient driving force for 90% removal of CO2 from flue
gas containing 4% CO2. This needs to be further demonstrated in a further improved pilot-plant set-up.
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1. Introduction
In recent years, low-pressure CO2 removal from flue gases (post-combustion CO2 capture) and 
consecutive CO2 storage is receiving increasing attention as a method to reduce the overall global CO2
emissions. Many different technologies, such as reactive solvents, adsorbents, membranes and
mineralization type processes are under investigation to bring down capital costs and energy consumption 
for these energy intensive processes. However, in the large-scale demonstration phase, the key
technologies are almost all aqueous amine based systems.
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Scouting research in 2008 at Shell Global Solutions International had identified the Carbonate Slurry 
Process as a potentially attractive alternative for existing technologies, making use of the carbonate to 
bicarbonate reaction for the absorption of CO2 [1]. The reaction: CO2 + K2CO3 + H2O  2 KHCO3 is 
a reversible mildly exothermic reaction. In the regenerator the (mainly) bicarbonate solution is heated to 
reflux and the reverse reaction takes place; the recovered CO2 is then fed to the compressor and the 
regenerated potassium carbonate-bicarbonate solution is formed and this lean solvent is then fed into the 
absorber; where the presence of an accelerator increases the rate of CO2 absorption. The (anticipated) key 
benefit of the Carbonate Slurry Process is its potential for lower energy consumption; a concentration step 
of the solids leads to a higher CO2 partial pressure and a lower solvent flow to the regenerator compared 
to competing processes.  
Van Straelen and Geuzebroek earlier described methods to determine the thermodynamic absolute 
minimum energy required for the regeneration of post-combustion capture solvents for a conventional 
line-up [2]. The energy demand in these line-ups is primarily a balance between the reaction enthalpy of 
the absorbent and CO2 and the amount of water that is stripped in the top of the regenerator per amount of 
CO2 that is liberated in the regenerator. The thermodynamic basis of the specific energy efficiency 
advantage of the precipitating carbonate process concept has been reported earlier [3] and comprises three 
aspects. Firstly, the low reaction enthalpy in the formation of the potassium bicarbonate results in 
a relatively low energy requirement to liberate the CO2 from the bicarbonate in the regeneration. 
Secondly, the formation and subsequent concentration of solid bicarbonate crystals leads to a lower liquid 
flow to the regenerator and thus a lower latent energy requirement. Thirdly, the rich solvent entering the 
regenerator, after re-dissolution of the bicarbonate crystals, comprises a much higher CO2 partial pressure 
owing to the concentration step. Hence, the water losses in the regenerator top are lower per CO2 
liberated. In summary, a precipitating process combines a low heat of reaction with low water losses in 
the regenerator.  
The individual steps in the carbonate slurry process were demonstrated in scouting experiments and 
a carbonate slurry bench-scale pilot-plant was constructed according to the process flow scheme as 
depicted in Figure 1. 
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Fig. 1. Process flow scheme carbonate slurry bench-scale pilot-plant (LxWxH: 4x1.5x6m ). 
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The crystal formation and solids handling steps are the critical steps in the process. A number of batch 
cooling crystallization experiments were done to get an estimate of the KHCO3 crystal quality, as well as 
on the kinetics of the crystallization and with the assistance of the Industrial Crystallization Group of 
Delft University a conceptual design of a cooling crystallizer was made.  The design calculations were 
mainly based on heat and mass balances over the crystallizer with some assumptions concerning the 
kinetics. 
2. Carbonate Slurry pilot plant lay-out and operation 
This section describes the main parts of the Carbonate Slurry Pilot Plant as shown in figure 1.  
2.1. Feed gas and absorber 
A mixture of carbon dioxide and nitrogen is used as gas feed to model flue gas; CO2 (0-0.5 Nm3/h) and 
N2 (0-5 Nm3/hr) are fed in the desired ratio using Brooks Mass Flow controllers. 
The synthetic flue gas is saturated with water by feeding it through a packed column (not shown in 
figure 1, Mellapack 500Y) with a continuous counter current flow of water over the packing. The 
temperature can be set between room temperature and 60°C.  
The saturated feed gas is fed through the absorber, a packed column (Mellapack 500Y), with a 
continuous counter-current flow of potassium carbonate/bicarbonate solution over the packing. The 
temperature in the column is controlled by the temperature settings of the inlet flow of the recycle from 
the settler and the inlet flow of the lean recycle from the regenerator. The temperature inside the column 
is monitored at the bottom, at 1/3 and at 2/3 of the column.   
Treated gas from the absorber column is cooled sufficiently to condense excess water before sending it 
to the vent via a carbon filter. The condensed water is recycled back into the saturator. The treated gas is 
continuously analyzed by Mass Spectroscopy to determine the CO2 concentration. 
2.2. Crystallizer and settler 
The draft-tube crystallizer is a double-wall glass vessel built according to a conceptual design of the 
Delft University of Technology. The rich potassium carbonate solution from the absorber is fed into the 
crystallizer and cooled down to create an oversaturated potassium carbonate solution that will crystallize. 
The content of the crystallizer is well mixed using a marine type impeller. This impeller forces the slurry 
in an upward direction through the internal draft-tube and downward via the spacing between the draft 
tube and the wall of the crystallizer. 
The settler was build according to the conceptual design made by the Delft University of Technology 
as a double-wall glass vessel. The KHCO3 crystals subsequently settle down in the settler and the 
concentrated slurry is transported to the regenerator. The clear liquid is recycled back to the absorber 
column.  
2.3. Regenerator 
The concentrated slurry is heated up in a traced pipe to dissolve all KHCO3 crystals, this solution is fed 
to the regenerator; a packed column (Sulzer DX) with a reboiler vessel. The temperature in the reboiler is 
controlled by the power input of the reboiler and the pressure. Under boiling conditions the reverse 
reaction takes place; KHCO3 to form K2CO3, CO2 and H2O. The formed K2CO3 solution is recycled back 
to the absorber.  
1884   Robert Moene et al. /  Energy Procedia  37 ( 2013 )  1881 – 1887 
Desorbed CO2 leaves the top of the regenerator and is cooled to condense the excess water before it is 
sent to the vent via the carbon filter. The condensed water is recycled back into the reboiler, which 
additionally allows the determination of the quantity of water evaporated per quantity of CO2 captured. 
The lean solvent from the bottom of the reboiler is recycled back into the top of the absorber column. 
2.4. Operation 
The crystallizer and settler are filled with typically 28 litres of demineralised water.  The liquid is 
recycled over the crystallizer, settler (e.g. via the absorber mid-point), and over the heat-exchanger. The 
temperature in the crystallizer and settler are set by the heat-exchanger. Subsequently potassium 
carbonate and accelerator are added in portions of 1 kg via a flange opening in the top of the crystallizer. 
A gas mixture of CO2 (typically 0.3 Nm3/hr) and N2 (typically 0.7 Nm3/hr) is fed at the bottom of the 
absorber, resulting in CO2 absorption at which point the liquid feed to the regenerator is started resulting 
in a lean solvent stream recycling back to the absorber. At this point more potassium carbonate can be 
added to the system, if desired. Through the absorption of CO2 and the subsequent formation of KHCO3, 
solid crystals will be formed in the crystallizer; the concentration of the crystals leaving the settler to the 
regenerator is controlled by the ratio of the flows to the absorber and the regenerator. 
3. Results 
3.1. Operational aspects 
Operational control of a process comprising crystallization is crucial. The experiments described 
below give some insight in that. The following experiment (11 kg of potassium carbonate plus accelerator 
and 27 kg of H2O, feed gas 30%v of CO2, total flow 1 Nm3/hr), shows how the process moves into steady 
state operation and the performance of the absorber column. 
 
Fig. 2. CO2 in the gas leaving the absorber as function of time  
The CO2 concentration in the treated gas is monitored by mass spectroscopy (see figure 2) and  shows 
that after around 2 hours the CO2 breaks through and after 6 hours the pilot-plant is entering steady-state 
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operation. Samples are taken from this period to establish the compositions of all liquid and gas streams 
and to confirm the mass balances. CO2 capture was below 90%, which was mainly the result of the 
selected open absorber column packing, viz. to prevent plugging by potentially formed KHCO3 in the 
column and thus reduce the chance of operational issues. However, this had a negative effect on the liquid 
distribution in the column. 
The fluid densities in the crystallizer and settler are indicative for the slurry concentration at those 
points (the density of a concentrated solution is typically 1200-1300 kg/m3 and 2200 kg/m3 for KHCO3 
crystals). The density as function of runtime of another typical experiment (12 kg of potassium carbonate 
plus accelerator, feed gas 30%v of CO2, total flow 1 Nm3/hr) are shown in figure 3.  
 
 
Fig.3. Fluid density as function of run time, start-up in solution mode, entering and running slurry mode, 
addition of extra potassium bicarbonate 
 
The experiment started with the introduction of CO2 to the feed gas, while running in solution mode 
(a homogeneous liquid solution in the settler and crystallizer). Initially the densities of the homogeneous 
solutions from the crystallizer and settler are similar and increase slightly and slowly in time owing to the 
absorption of CO2. At a certain point the solutions are oversaturated with KHCO3 resulting in primary 
nucleation of KHCO3 crystals in the crystallizer, as shown by the jump in density of slurry in the settler 
where the crystals are concentrated. 
During the stable slurry mode operation a slow decrease in density of the slurries from the settler and 
crystallizer is observed. This is currently attributed to some precipitation of solid KHCO3 at the (cold) 
surface of the heat exchanger effectively lowering the solids concentration. This crystal build-up led in 
some cases to malfunctioning of the heat exchanger and thus in not achieving the steady-state operation 
of the pilot-plant. Improvements in the heat exchanger itself (increasing liquid flow rate) and in heat 
exchanger temperature control have limited this effect considerably to where it is currently controllable. 
 
Subsequently 1.0 kg of solid KHCO3 is added (14:00) which increased the slurry concentration in the 
crystallizer. In the settler the slurry is concentrated and initially a 22%w solid in liquid slurry is send to 
the regenerator. The overall CO2 absorption capacity was however too low to maintain those high slurry 
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concentrations resulting in a continuously decreasing slurry concentration in the effluent from the settler. 
At 15.15 hr samples were taken from the lean and rich solvent to analyze the potassium concentration. 
The slurry concentration from the settler was determined at 9w% at that point. Note that subsequently the 
CO2/N2 feed gas flow was stopped, which resulted in further regeneration of the potassium bicarbonate 
and eventually in moving to conditions comparable to solution mode operation.  
Figure 4 shows a typical relationship between the CO2 concentration in the treated gas and the cyclic 
loading vs. gas flow rate. Note that this experiment (12 kg potassium carbonate plus accelerator, 28 kg 
H2O) is carried out without the implementation of absorber column improvements and other operational 
improvements; higher cyclic loadings have been obtained in other pilot-plant runs. 
 
 
Fig.4. Cyclic loading and CO2 concentration in treated gas as function of gas flow rate. 
 
Increasing the feed gas flow from 1.0 Nm3/hr to 4.0 Nm3/hr almost doubles the CO2 absorption rate as 
shown by the increased cyclic loading, but at the expense of a higher CO2 concentration in the treated gas.   
3.2. Performance aspects 
Several performance aspects have been investigated in the pilot-plant. Additionally, the mass and heat 
balances have been developed using Aspen, which includes a special developed UNIQUAC data deck for 
the PZ-KHCO3-CO2-H2O system. Specific performance aspects measured in the pilot-plant have been 
inputted in the Aspen model and those results will be described qualitatively below. The data below are 
based on pilot plant experiments running at 8% CO2 in the feed gas and 8-10w% slurry to the regenerator. 
Cyclic loadings comparable to typical amine systems have been achieved, which can further be increased 
by increasing the slurry concentration to the regenerator. Low stripping steam rates (0.7 mol water loss 
per mol CO2) in the regenerator have been measured confirming the calculations reported by van Straelen 
[3] and showing the energy consumption reduction vs. conventional absorption processes. The CO2 
vapour pressure of lean solvent from the regenerator depended on the amount of stripping steam applied 
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and was estimated to be low enough (in comparison with typical amine absorption processes) to in 
principle deliver sufficient driving for the top of the column to achieve 90% removal of CO2 from flue 
gas containing 4%. These data from the pilot-plant have been used in the Aspen mass and heat balances, 
which confirm a total reboiler energy requirement of ~2.2-2.5 MJ/kg CO2. Additional heat integration 
opportunities, specific for a precipitating process, are currently being developed and evaluated. Details 
will be reported elsewhere. 
Both an increasing feed gas flow (at a constant CO2 concentration) and an increasing 
CO2 concentration (at a constant feed gas flow) resulted in an increase in the cyclic loading and the 
CO2 concentration in the treated gas. Increasing the reboiler duty increases the depth of regeneration of 
the bicarbonate and thus increases the cyclic loading. Exceeding the point of reboiler duty where the 
bicarbonate is regenerated to its thermodynamic equilibrium, leads to an increased evaporation of water 
and thus decreases the energy efficiency of the process. 
4. Conclusions 
We have shown the potential of the precipitating carbonate process using pilot-plant data and mass and 
heat balances in Aspen: to reduce the reboiler energy requirement below that of typical amine processes; 
controllable operation in crystallization mode; and the required level of CO2 removal can be achieved. 
Next steps are to further de-risk and improve the technology and move it to the large-scale demo phase.  
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